We investigated the ability of T-wave pseudonormalization and ST-segment elevation, which are demonstrated in infarct-related leads during submaximal exercise testing, to predict late recovery of contractile function.
Introduction
In patients with acute myocardial infarction, the development of Q waves specifically indicates transmural necrosis and is usually associated with progressive T-wave inversion [1, 2] . The latter sign has been shown to be associated with patency of the infarct-related artery and with residual tissue viability, when occurring early after thrombolysis [3] . Transient T-wave pseudonormalization on leads exploring the infarct area has been frequently observed during exercise testing [4, 5] , during episodes of spontaneous angina [6, 7] or, in the absence of symptoms, during ambulatory Holter monitoring [8] . The results of previous studies assessing the significance of this sign in patients with an old myocardial infarction have provided conflicting results [4] [5] [6] [7] [8] [9] . We have previously shown [10] that exerciseinduced ST-segment elevation on infarct-related leads is almost invariably associated with the presence of metabolically active tissue. However, the relationship between transient ST-segment and T-wave changes that occur during submaximal exercise test and recovery of left ventricular function has not yet been investigated.
Therefore, we designed a prospective observational study to assess in a group of patients with anterior myocardial infarction: (1) the significance of exerciseinduced pseudonormalization of negative T-waves and (2) the predictive value of this electrocardiographic sign, alone or in association with ST-segment elevation, for residual tissue viability after anterior myocardial infarction.
Methods

Study group
Between November 1992 and August 1995, 145 patients with acute anterior myocardial infarction were admitted to our coronary care unit. Of these, we enrolled 88 patients, according to the following inclusion criteria: (1) age less than 75 years, (2) no history or electrocardiographic evidence of previous myocardial infarction, (3) ST elevation of 0·2 mV or more in at least two adjacent precordial leads, (4) a significant increase in cardiac enzymes and typical electrocardiographic evolution of Q-wave infarction, (5) lesion/occlusion of the proximal segment of the left anterior descending coronary artery, (6) adequate acoustic window, allowing the acquisition of high quality echocardiograms, (7) no bundle branch block, valvular disease, or systemic illness that may influence left ventricular function or affect prognosis, (8) presence of negative T waves, symmetric or biphasic, of at least 0·2 mV, in at least three adjacent precordial leads on the post-acute (7 days) electrocardiogram, (9) absence of clinical indication for urgent coronary revascularization.
Of the 88 patients included in the study, 73 were men (83%) and 15 were women, with a mean age of 59 9 years. These patients were divided into two groups: the first (group A) included 59 patients (67%) who exhibited T-wave pseudonormalization during sub-maximal exercise testing. Group B comprised the remaining 29 patients (33%) with a persistent negative T wave.
Biochemical tests
All patients underwent serial blood sample determinations of levels of creatine kinase (normal value 20-195 U . l 1 ) every 4 h in the first 24 h and daily thereafter. We defined as an early creatine kinase peak the occurrence of the maximal value within 12 h of onset of symptoms.
Rest and stress electrocardiogram
During admission, patients underwent serial recordings of the 12 lead electrocardiogram (daily in the first week and every other day afterwards). The electrocardiogram was also recorded 6 months after discharge. Fourteen days after admission, all patients underwent a computerassisted (Case 12, Marquette Electronics Inc.) submaximal treadmill exercise test, according to the modified Bruce protocol. Exercise was performed in the fasting state in the morning after withdrawal of antianginal therapy for at least 72 h. The 12-lead ECG and blood pressure (cuff sphygmomanometer) were recorded at rest, during the third minute of each exercise stage, at peak exercise and at 2 min intervals during recovery. Sub-maximal predicted heart rate was calculated as 75% of 220 beats . min 1 minus age. The test was terminated either when the target heart rate was achieved or when any of the following occurred: severe angina, dyspnoea, fatigue, hypotension, complex ventricular arrhythmia and >1 mm ST segment depression in non-infarctrelated leads. T-wave pseudonormalization was defined as the occurrence of a change of polarity or a positive increase in polarity (more than 0·5 mV) in the negative T wave in at least three adjacent precordial leads. ST-segment elevation and T-wave pseudonormalization in the infarct-related leads were not considered a reason for exercise termination or revascularization. Particular attention was given to the occurrence of pseudonormalization of negative T-waves on follow-up electrocardiograms. Exercise-induced ST-segment elevation (d1 mm) was considered significant when occurring in at least two adjacent precordial leads with significant Q waves and when an isoelectric ST segment appeared on the resting electrocardiogram.
Coronary angiography
Selective coronary angiography, along with biplane left ventriculography (30 RAO and 60 LAO views), was performed 16 6 days after myocardial infarction (range 10-30 days), according to the Judkins technique. The left and right coronary arteries were imaged in multiple views, before and after intracoronary nitrates (200 g, bolus), to overcome the potential effects of vasoconstriction. End-diastolic cine frames were selected for optimal visualization of stenosis and magnified five times. Coronary artery stenoses were quantitatively evaluated and considered significant if the coronary diameter was reduced by 50% or more. Angiographic anterograde perfusion (grade III of the TIMI criteria) [11] and significant collateral flow (grade II and III, according to Rentrop's classification) [12] were also assessed by two cardiologists blinded to the clinical data.
All patients with significant coronary stenosis underwent revascularization by either angioplasty or bypass grafts, generally performed within 4 weeks of the acute myocardial infarction (range 16-30 days). Continuing success of the revascularization procedure was assessed at 6 months by ret-stress Tl201 or Tc99 MIBI myocardial perfusion scintigraphy.
Echocardiography
Echocardiograms were performed in the parasternal and apical standard views within 24 h of Coronary Care Unit admission, 4 weeks (25 3 days) and 6 months thereafter. Examinations were performed with a Sonos 500 Hewlett Packard echocardiograph, using a 2 or 2·5 MHz transducer, or both. The left ventricle was divided into 18 segments as previously described [13] . A dysfunction score was assigned to each segment: 1= hypokinesia, 2=akinesia, 3=dyskinesia. A global wall motion score was then calculated by adding individual segment values. Percent extension of the affected area was also assessed according to the following formula: number of dyssynergic segments 100
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A preVue III (Nova Microsonics Inc.) acquisition system was used to digitize images with an electrocardiogram-triggered algorithm.
Follow-up images were matched with corresponding ones obtained pre-discharge and analysed by two independent investigators unaware of the results of exercise testing. Disagreement was resolved by consensus. Significant improvement of systolic regional function was defined as normalization of two or more contiguous dysfunctional segments or as a decrease by 4 points or more of the global wall motion score. Finally, the ejection fraction was also calculated, using the biplane area/length method [14] .
Statistical analysis
Continuous data are expressed as mean value standard deviation. The two tailed t-test was used to analyse continuous clinical and echocardiographic data. The chi-square test, corrected by Yates' formula, was used to compare categorical data. Serial changes in ejection fraction and dysfunction score were compared within groups by analysis of variance. The differences were defined as statistically significant when reaching a P value of 5% or less. The sensitivity, specificity, accuracy and predictive values of exercise induced T-wave pseudonormalization in identifying patients with subsequent recovery were calculated as follows: sensitivity (%): true positive/(true positive+false negative); specificity (%): true negative/(true negative+false positive); accuracy (%): (true positive+true negative)/all; positive predictive value: true positive/(true positive+false positive); negative predictive value: true negative/(true negative+false negative).
Results
Baseline data
Group A included 59 patients (60%), whilst group B comprised 29 (40%). The two groups showed no significant differences in age, sex, coronary risk factors, interval between onset of symptoms and time of admission to the Coronary Care Unit and degree of ST-segment elevation recorded on admission (Table 1) . Although a similar percentage of patients in both groups underwent thrombolysis (group A: 59%, group B: 62%), the prevalence of an early creatine kinase peak was greater in group A (41% vs 24%, P<0·02). Creatine kinase peak values were greater in group B, but the difference did not reach statistical significance (2898 vs 3218, P=0·08). Table 2 shows the angiographic results. All patients had lesion/occlusion of the proximal segment of the left anterior descending artery and were similar as regards coronary artery disease. They were also similar as regards significant residual stenosis (group A: 71%, group B: 76%) and mean diameter reduction (Table 2) . Residual perfusion (either anterograde or retrogarde) to the infarcted segments was observed in a significantly higher percentage of patients in group A than in group B (97% vs 69%, P<0·05). Furthermore, there was a greater prevalence of retrograde perfusion by collaterals in group A when the left anterior descending coronary artery was occluded (90% vs 25%; P<0·05). Conversely, the percentage of patients who underwent coronary revascularization, either by coronary artery bypass graft or angioplasty, was similar (47% vs 48%, P=ns) ( Table 2) .
Angiographic data and revascularization procedures
Exercise parameters
There were no significant differences between the two groups as regards heart rate, systolic and diastolic pressure, and rate-pressure product achieved at peak exercise (Table 3) . Total exercise time was also similar. Typical angina was induced in 25 patients of group A (42%) and in seven of group B (24%). On average, T-wave normalization occurred after 6 3 min of exercise for variable levels of heart rate (range 63-110 beats . min 1 ). Only five patients (three of group A and two of group B; P ns) exhibited significant ST-segment depression during exercise. This occurred in the inferior leads in three patients and in precordial lateral leads in two. It was associated with significant stenosis of the infarctrelated artery in two patients and of other vessels in three, but was accompanied by angina in only three patients.
Exercise-induced ST segment elevation
A similar percentage of patients in the two groups showed resting ST-segment abnormalities and the degree of the ST elevation was comparable in the two groups, both before and at peak exercise ( Table 4 ). The ST segment of infarct-related leads was isoelectric at rest in only 27% of study patients: 21 of group A (36%) and three of group B (10%). It became significantly elevated during exercise in 13 group A patients (lead V 2 : mean 1·9 0·7 mm) and in two of group B. A critical residual stenosis (more than 90% reduction in luminal diameter) was observed in all these 15 patients with exerciseinduced ST-segment elevation. After revascularization by coronary bypass graft or angioplasty, a significant reduction of the dysfunction score was observed in 11 of these patients. In the remaining four patients, left ventricular function did not improve. Three patients (all group A) showed restenosis with recurrent angina, and one patient (group B) suffered a reinfarction.
Echocardiography
The extension of the affected region (group A: 33% group B: 39%, P=ns) and the dysfunction score at the time of admission (respectively, 17·6 4·4 and 19·1 7·1, P=ns) were similar in the two groups. However, the latter parameter became significantly different after 4 weeks (group A: 16·2 4·8, group B: 20·3 6·9, P<0·01) and the difference had increased even more by the 6-month follow-up (11·4 6 vs 22·6 4, P<0·01) ( Fig. 1) , due to the significant reduction observed in group A ( 5·7 4·3, P<0·001). A significant improvement in regional wall motion was detected in 41 group A patients but in only two of group B (69% vs 7% respectively, P<0·05) (Fig. 1) . During follow-up, the T wave normalized in 38 group A patients, but in only three of group B (64% vs 10% respectively, P<0·001). Of these patients, 33 of group A and one of group B showed a significant improvement in regional wall motion. The ejection fraction was similar in the two groups on admission, but was significantly greater after 4 weeks in group A. This difference persisted during follow-up (Fig. 2) .
Clinical events during follow-up
In group A, four patients had anterior reinfarction, three patients developed restenosis with angina after coronary angioplasty, and one patient developed chronic heart failure; in all these patients the T waves remained negative on follow-up. In group B, one patient had reinfarction, three patients had heart failure and one underwent heart transplant after 5 months. 
Statistical analysis
Exercise-induced T-wave pseudonormalization had a 95% sensitivity and a 63% specificity in predicting recovery of contractile function. In patients with T-wave pseudonormalization during exercise, concomitant STsegment elevation increased the specificity from 63% to 100%, in the absence of reinfarction or recurrence of myocardial ischaemia. The results of statistical analysis are summarized in Table 4 .
Discussion
We have previously shown that, in patients with recent myocardial infarction, exercise-induced ST-segment elevation and T-wave pseudonormalization are frequently associated with transient perfusion abnormalities within the infarct area [15] . More recently, we have demonstrated that transient ST-segment elevation in infarct-related leads correlates well with the presence of residual metabolic activity [10] , an established marker of residual viability [16] . However, the relationship between exercise-induced T-wave pseudonormalization, STsegment elevation and late recovery of left ventricular function has not been investigated.
The present study indicates that, in patients with a recent anterior myocardial infarction (1) exerciseinduced T-wave pseudonormalization is often associated with residual perfusion to the infarct area and predicts recovery of ventricular function, (2) albeit considerably less frequently, ST-segment elevation also indicates the presence of myocardial viability in a region which is invariably perfused by a vessel affected by a critical residual stenosis.
Study characteristics
Our investigation was conducted in a group of patients with a large anterior myocardial infarction, a condition associated with high long-term mortality and morbidity where salvage of myocardium may significantly affect outcome [17] . We used electrocardiographic (ST segment), echocardiographic (dysfunction score, ejection fraction) and angiographic criteria to identify a homogeneous patient population with similar infarct location and extension. A large proportion of these patients had been admitted early after the onset of chest pain and approximately 60% of them had received thrombolytic treatment. Therefore, they had a high probability of having maintained some viable myocardium within the infarct area.
T-wave pseudonormalization
In normal subjects, during exercise, the positive T wave initially shows a mild decrease of amplitude and a significant increase at peak of exercise [18] . In patients exhibiting T-wave inversion on a resting electrocardiogram, the change of the polarity during effort (pseudonormalization) has been variously interpreted. Several studies have emphasized T-wave pseudonormalization as a marker of myocardial ischaemia [19] [20] [21] [22] . However, other investigators have discussed the clinical significance and the specificity of this sign in an unselected population [23, 24] , particularly in identifying transient ischaemia from fixed defects [25] . These conflicting results are probably justified by the heterogeneity of populations. In our study, we focused on the significance of T-wave pseudonormalization during sub-maximal exercise test following Q-wave myocardial infarction. This sign was significantly correlated with the occurrence of an early creatine kinase peak and with residual angiographic perfusion to the infarct area. Although this finding could suggest the possibility of residual viability, the only real proof of the latter is late recovery of regional systolic function.
Most regional function improvement occurs within the first 2 weeks [17] , but further recovery generally occurs within 6 months after coronary reperfusion [26] . This is why we extended our observations to a 6-month follow-up. In our patients, T-wave pseudonormalization induced by exercise testing was associated with better left ventricular function 4 weeks after myocardial infarction and predicted further recovery in regional contractility. This was frequently associated with late spontaneous T-wave normalization on the resting electrocardiogram.
Different explanations may account for our findings. Areas of viable myocardium in the context of an infarct zone may exhibit metabolic impairment. In fact, segmental wall motion abnormalities persist for long periods after a severe ischaemic episode in both experimental and clinical settings [27] . A regional shift of myocardial metabolism (sustained low concentration of ATP, impaired free fatty acid utilization, increased exogenous glucose uptake and lactate production) is found and persists after a reperfused myocardial infarction [28, 29] . Prolonged depression of the action potential 
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characteristics are present in post-ischaemic reperfused myocardium [30] and a regional shortening of monophasic action potentials induces T-wave abnormalities [31] . In clinical settings, there are data suggesting that T-wave inversion may be the electrocardiographic marker of a stunned, dysfunctioning myocardium [32] . An alternative explanation for T-wave changes refers to the partial denervation of the infarct area. Experimental transmural infarction interrupts sympathetic and vagal fibres travelling through the necrotic area and produces regions of afferent denervation distal to or in the context of the region of infarction [33] . In these areas, denervation supersensitivity was demonstrated [34] . The presence of a non-homogeneous innervation and sensitivity to circulating catecholamines justifies an alteration in electrophysiological properties of viable myocardium.
Both mechanisms can cause a repolarization delay, resulting in a negative T wave on the surface electrocardiogram: in both cases, viable tissue will still be responsive to adrenergic stimulation, such as that produced by exercise. The electrocardiographic result of this stimulation in the corresponding leads will be T-wave pseudonormalization. In subjects with resting T-wave abnormalities in the absence of coronary artery disease, in which other unknown mechanisms may be implicated, the exercise testing can induce a change of repolarization, related to the sympathetic activation [35] . Submaximal exercise testing may reproduce the electrophysiological effects of low dose dobutamine stimulation (increase of extracellular potassium levels or activation of calcium channels [36] that can induce significant changes in the repolarization phase). Changes in T-wave polarity have been described in other circumstances, such as spontaneous angina [37, 38] or dobutamine administration [39] , in which residual ischaemia and/or viability are detected in the context of an infarct area.
Obviously, in the presence of necrotic myocardium, no changes in electrical activity will be produced. The ability of surviving myocardium to behave 'normally' during exercise, changing the repolarization, is an easily appreciable sign of residual viability. The spontaneous normalization of the T-wave on follow-up electrocardiograms may be related to the return of normal metabolism in contractile cells or to partial sympathetic reinnervation observed in the peri-infarct zone [40] , or other unknown mechanisms regulating the repolarization phase in post-infarction areas.
ST-segment elevation
The role of exercise-induced ST-segment elevation in detecting residual viability was the subject of a previous report by our group [10] . In the present study we found no difference in the prevalence of transient ST-segment elevation between the two groups during exercise testing, suggesting that, in the specific setting of this investigation, ST-segment and T-wave changes reflect different phenomena. Exercise-induced ST-segment elevation may be a non-specific sign in patients with resting ST-segment abnormalities [41, 42] ; conversely it could be a marker of ischaemia if the ST segment in infarct-related leads is isoelectric at rest [10, 43] . In fact, our patients exhibiting a significant ST-segment elevation during exercise, showed a critical residual stenosis of the infarct-related artery. However, only 27% of patients after an anterior Q-wave myocardial infarction has an isoelectric ST segment on a resting electrocardiogram. By contrast, T-wave changes are often present (more than two thirds of our patients) and may provide valuable information on late recovery of regional function. The concomitant presence of exercise-induced T-wave pseudonormalization and ST-segment elevation reaches the 100% level of specificity in predicting functional recovery after successful revascularization.
Role of revascularization
The role of adequate revascularization is critical for the recovery of left ventricular function after infarction. In reperfused myocardium, the persistence of a reduced flow across a high grade residual stenosis could cause persistent ischaemia or hibernation and limit functional recovery [44, 45] . In our study, we elected to revascularize all patients exhibiting significant residual stenosis, in an attempt to reduce the effects of residual ischaemia on left ventricular function. In fact, the presence of a false positive in group A is largely due to the recurrence of ischaemia or reinfarction.
Study limitations
(1) The study was conducted in patients with large acute anterior myocardial infarctions, where ST-segment and T-wave abnormalities are more evident and diffuse; the results of our study are not necessarily applicable to patients whose myocardial necrosis has a different size or location. (2) The definition criteria of T-wave pseudonormalization are arbitrary and the significance of more subtle T-wave changes is uncertain. (3) Our patients underwent exercise testing and revascularization early after the infarction; similar electrocardiographic changes observed months or years after the acute event might bear different implications.
Clinical implications and conclusions
This study shows a close relationship between exerciseinduced T-wave pseudonormalization and residual viability in the post-infarction patient. Both residual perfusion to the infarcted area and late recovery of regional wall motion might be anticipated when this sign is observed during an exercise test. Similarly, when progressive normalization of a negative T wave occurs spontaneously in late follow-up, a parallel improvement in regional wall motion is probably to be expected.
In these patients, concurrent elevation of the ST segment induced by exercise identifies a subgroup with critical residual stenosis that may benefit from elective revascularization.
In conclusion, in the post myocardial-infarction patient the exercise electrocardiogram may provide, low cost, useful information that extends beyond the mere detection of residual ischaemia. In fact, this investigation may predict recovery of contractile function and the need for myocardial revascularization.
